ABSTRACT: This study aims to validate model-based radiostereometric analysis (RSA) on the glenoid component of reversed total shoulder arthroplasty. We compared two different modalities of model-based RSA, elementary geometrical shapes and reversed engineering. We also explored two different ways to position the patient to obtain different projections of the implant, the hip-position (transversal) and shoulder-position (sagittal). Phantom accuracy was determined by performing nine translations (x, y, z) and five rotations (x, y, z), and expressed as the mean difference between RSA measurements and micrometer values. Precision was measured using 12 double examinations of the phantom and 19 in patients, and expressed as1.96 Â standard deviations of the paired differences between double examinations. The accuracy was high for both modalities, but rotation around the symmetrical axis of the implant could not be measured using reversed engineering. Clinical precision ranged from 0.13 to 0.25 mm for translations, and 0.4˚to 0.7˚for rotations, using reversed engineering. For elementary geometrical shapes, the precision ranged from 0.18 to 0.34 mm for translations, and 0.8˚to 1.8˚for rotations. The hip-position was abandoned due to poor implant visualization. Model-based RSA on the glenoid component of reversed total shoulder arthroplasty has a high precision and accuracy, comparable to RSA results on hips and knees. Patient positioning is vital for obtaining adequate results. We found that reversed engineering was the more reliable method, and recommend reversed engineering as the method of choice for further clinical RSA investigation of the glenoid component of reversed total shoulder arthroplasty. Despite increasing popularity and a broadening range of indications, implant stability of reverse total shoulder arthroplasty (RTSA) has not been previously investigated. The glenoid component is of particular concern due to a significant number of patients presenting with notching, radiological signs of erosion of the inferior scapular neck caused by implant impingement.
Despite increasing popularity and a broadening range of indications, implant stability of reverse total shoulder arthroplasty (RTSA) has not been previously investigated. The glenoid component is of particular concern due to a significant number of patients presenting with notching, radiological signs of erosion of the inferior scapular neck caused by implant impingement.
1,2 RTSA causes major biomechanical changes in the shoulder, 3 and aseptic loosening of the glenoid component has represented a significant cause of failure in earlier models of the implant. 4, 5 Modern RTSA designs favor a more distal positioning of the glenoid component to avoid scapular notching. 1, 2 This may prove effective to avoid notching, but the question of glenoid component stability remains unanswered. We believe that an RSA study will contribute to answering this question.
RSA is the gold standard for measuring in vivo three-dimensional (3D) micro-migration between implant and bone, 6 and continuous implant migration over 2 years has shown to be predictive of long-term implant survival of hip and knee arthroplasties. 7, 8 RSA has a high accuracy and precision, and reliable results may be obtained within small patient groups. 6 Marker-based RSA involves attaching markers to the surface of implants which may prove legally challenging, technically difficult, time-consuming and expensive. 9 Model-based RSA was developed to address some of the problems associated with markerbased RSA. With this technique, markers are substituted by virtual surface models of implants based on computer-aided design (CAD), reversed engineering (RE) or elementary geometrical shapes (EGS). [9] [10] [11] Model-based RSA may facilitate the process of RSA investigation, but it is the geometrical shape of the implant that determines whether it is a suitable method. RSA is recommended for early stage stability analysis of new orthopedic implants. 6 To our knowledge the glenoid component of RTSA has not undergone any form of RSA investigation, including modelbased RSA.
Reverse total shoulder arthroplasty is widely used, and glenoid component stability is of utmost interest and concern. Despite this, a stability analysis using RSA has not been performed on this implant before, although these implants have been in use for more than a decade. Therefore, we have followed recommendations for new RSA investigations, 6, 10, 11 by first conducting a phantom study, and then examining the clinical precision by performing double-examinations in patients. The aim of this study is to validate modelbased RSA as a method for stability analysis on the glenoid component of RTSA.
MATERIALS AND METHODS
This study was designed to validate model-based RSA on the glenoid component of RTSA. This was done by measuring the accuracy and precision of the method, and comparing the RE and EGS modalities. The study is divided into two parts, a phantom study and a clinical investigation of RSA precision in patients. All recruited patients were also included in a separate prospective clinical RSA trial. Ethical approval for the clinical part of the project was obtained from the regional ethics committee (REK) on April 4th 2015, reference No. 2012/1606/REK sør-øst.
Phantom Study
We experimented with two different positions when performing RSA examinations in both the phantom and in patients, to see which position yielded better visualization of the implant and markers. We named the positioning resulting in a transversal X-ray plane hip-position (Fig. 1A and B) , as the positioning of the patient was similar to traditional RSA for hips. The sagittal X-ray plane was named the shoulderposition (Fig. 1C and D ).
The phantom model for accuracy measurements, replicated a right-sided RTSA, which allowed us to perform controlled translations and rotations of the glenoid component in relation to a fixed phantom scapula (Fig. 2) . The glenoid components (Depuy Synthes Delta Xtend TM Metaglene and Glenosphere) and two locking screws (Locking Metaglene Screw, Diameter 4.5 mm) were assembled, and rigidly attached to a translation stage (25 m-PT3/M X, Y, Z Travel Translation Stage; Thorlabs, Inc. Newton, NJ) and a rotational stage (PRO1A/M Precision Rotation Platform, Thorlabs). The translational stage enabled orthogonal translations of the implant along the x-, y-, and z-axes, and has a resolution of 0.01 mm according to the manufacturer. The rotational stage enabled rotations of the implant around the x-, y-, and z-axes, and has a declared resolution of 1/25˚(2.4 arc minutes). Translations and rotations of the glenoid component were performed in relation to a separate fixed phantom scapula, shaped out of a 10 mm thick sheet of acrylic glass, and embedded Figure 1 . The figures illustrate the hip-position in (A) the phantom used for precision analysis and (B) a patient, and the shoulderposition in (C) the phantom and (D) a patient. We named it the hip-position, since the patient is aligned similarly to traditional hip-RSA, with the axial length of the patient aligned with the y-axis of the global coordinate system defined by the calibration cage. In the shoulder-position the axial length of the patient is aligned with the x-axis of the global coordinate system defined by the calibration cage, which yielded a better visualization of the glenoid implant and markers. with 10 tantalum beads of 1 mm diameter (RSA BioMedical Innovations AB, Umeå, Sweden). The RSA markers were positioned on the lateral side of the scapula, replicating the clinical RSA setting, with markers in the glenoid, acromion and coracoid processes. The phantom was placed on the examination table in the hip-position (Fig. 1A) , with a transversal radiographical plane. Three different setups were required to complete all translations and rotations. We did all translations and yrotations in one setup ( Fig. 2A) . X-and z-rotations required separate setups ( Fig. 2B and C) . Translations were performed separately for the x-, y-, and z-axes, with film pairs taken at point 0, and translations at 0.01, 0.02, 0.04, 0.08, 0.5, 1, 2, 3, and 5 mm. Rotations around each of the three axes were also performed separately at point 0, and then at 0.2, 0.6, 1, 3, and 5o f rotation. For precision measurement, a right-sided shoulder phantom ( Fig. 1A and C) was constructed by fixing a glenoid baseplate (Depuy Synthes Delta Xtend TM Metaglene) to the prepared glenoid of a plastic scapula (Synbone 1 Scapula 5000, Synbone AG, Neugutstrasse 4, 7208 Malans, Switzerland) with two locking screws (Locking Metaglene Screw, Diameter 4.5 mm), and two standard screws (Non Locking Metaglene Screw, Diameter 4.5 mm). A glenoid articulation (Depuy Synthes Delta Xtend TM Standard Glenosphere, ø 38 mm) was mounted on the baseplate. The plastic scapula was embedded with 10 tantalum markers, placed in the glenoid, acromion, and coracoid processes. Twelve consecutive RSA film pairs were obtained. To simulate separate examinations of patients, the phantom was moved and reset between each RSA examination. The phantom was positioned in both the hipposition (Fig. 1A) and the shoulder-position (Fig. 1C) .
Clinical Precision
To investigate clinical precision, 15 patients (mean age AE SD, 76.3 AE 5.7) identified for unilateral RTSA were included in the study. Ten patients had an acute proximal humeral fracture, 3 patients had glenohumeral arthropathy, one had a long-standing dislocation of the shoulder, and one had a malunion of a proximal humeral fracture. Double examinations for precision analysis were performed post-operatively, within 7 days of shoulder surgery for 13 patients. A total of 26 double examinations were obtained. One patient did not have a double examination, and was therefore excluded. One patient and five double examinations were excluded because of no migration match in EGS. One patient and one double examination was excluded because of gross rotational errors (up to 170˚) in EGS. One double examination was excluded due to a condition number (CN) >120. A total of 11 patients and 19 double examinations with CN <120 and mean error (ME) <0.35 were included in the clinical precision analysis.
Surgery
Patients with fractures were operated through a deltopectoral approach, while patients with rotator cuff tear arthropathies were operated with a supralateral approach. The tantalum markers were inserted after the glenoid was surgically prepared, and before component placement. We inserted approximately 10 markers for each patient; 2 in the acromion, 2 in the coracoid, and approximately 6 markers were placed in the glenoid area. We found that using an awl to penetrate cortical bone or cartilage, or placing markers through the drilled hole for the central peg in the glenoid, was advantageous for securing bony placement.
RSA Imaging
RSA images were obtained and analyzed according to RSA guidelines. 6 The patients were positioned on an examination table, with two ceiling-mounted X-ray tubes (GE Healthcare Proteus XR/a, Canon Triathlon T3) converging at an angle of 40˚at the level of the glenoid implant. A uniplanar RSA ON REVERSE SHOULDER ARTHROPLASTY 3301 calibration cage (Cage 43, UmRSA Biomedical) was placed underneath the examination table. Paired images (stereoradiographs) were obtained by simultaneous operation of the X-ray tubes, and the images were anonymously marked in corresponding pairs. Both patient and phantom images were analyzed using paired migration in RSA software MB-RSA 4.1 (RSAcore, Dep. of Orthopedics, Leiden University Medical Centre, Leiden, NL), using reversed engineering (RE) (Fig. 3A) and elementary geometrical shapes (EGS) ( Fig. 3B and C ). The RE model of the glenoid component was obtained by laser-scanning (RSAcore, Dep. of Orthopedics, Leiden University Medical Centre, Leiden, NL). For EGS analysis we used large marker model (LMM), where the hemisphere of the glenoid component and the tip of the two angular stable screws were manually marked. The distribution of RSA bone markers was assessed using the condition number (CN). 6 The CN is an expression of the distance between each bone marker and an arbitrary line passing through the rigid body. A high CN indicates that the markers are close to the line, while a low CN (<120) indicates that the markers are more widely distributed, and therefore more reliable for migration analysis. In the phantom study the CN was somewhat higher (mean CN AE SD, 69 AE 15) than in the patient study (mean CN AE SD, 55 AE 23). The mean error of rigid body fitting (ME) in the patient study (mean ME AE SD, 0.17 AE 0.13) was lower than the recommended upper limit of 0.35, indicating that the individual markers were stable.
Patient Positioning
All patients were placed in the supine position, with a variable tilt toward the operated side for optimal radiological visualization of the implant. The first six patients included in the trial were examined in two different positions, hipand shoulder-positions, to identify which gave the better visualization of the implant and markers. The radiographic plane was transversal in the hip-position (Fig. 1A and B) , and sagittal in the shoulder-position (Fig. 1C and D) . Out of a total of 14 double examinations in the hip-position, 9 double examinations were discarded, mainly due to poor implant visualization (Fig. 3C) . In contrast, the 11 double examinations in the shoulder-position obtained from the first 6 patients were all valid for further RSA analysis. Therefore, the hip-position was abandoned, and all further double examinations for precision analysis were performed in the shoulder-position (Fig. 1C and D) .
In the shoulder-position, the caudal-cranial axis in the patient corresponds with the x-axis of the calibration cage, and the universal coordinate system. Furthermore, the medial-lateral axis corresponds with the y-axis, and the dorsal-frontal axis corresponds with the z-axis. Thus, inplane translations were in the x-and y-axes, and in-plane rotations were around the z-axis. For example, if a loosened glenoid component fails by subsidence and internal rotation, RSA examinations in the shoulder-position would reflect this in migration along the x-axis and rotation around the z-axis.
Statistical Analysis
The accuracy is defined as the closeness of agreement between a test result and the accepted reference (the true) value, and is presented as the mean difference between the paired signed values of RSA measurements and micrometer values, with 95% limits of agreement (LOA). The LOA is defined as accuracy AE 1.96 SD (ISO 1998). 6 Bland-Altman (B-A) plots were used to assess the agreement between the two methods ( Fig. 4A-E ). In the B-A plots the differences in measured migration (m) using RE and EGS (mRE-mEGS) on the y-axis, are plotted against the mean of the measured migrations d AE 1.96 SD, and represent the upper and lower limits to where 95% of measurements are estimated to be found. 12 Precision is equal to repeatability, and is measured by conducting double examinations in patients or in a (A and B) the shoulder-position, and in (C) the hip-position. Laser scanning was used to obtain (A) the RE model, that defines the rigid body of the implant. When RSA analysis is conducted using (B and C) EGS, the hemisphere of the implant and the tips of the locking screws define the rigid body for the implant and are manually marked using RSA software.
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phantom. 6 Precision is expressed as 1.96 Â standard deviations (SD) of the mean paired difference of double examinations. Twelve double examinations in the phantom, and 19 in patients, were examined to establish the precision. We have reported the SD and the mean, where the mean represents the systematical error of the method. 13 In clinical migration analysis, the precision represents a limit value, where any measurement above this limit value, indicates that an actual migration has occurred. Statistical analyses were performed using IBM SPSS Statistics Version 24 (IBM Corporation, Armonk, NY).
RESULTS
The accuracy of model-based RSA was high for both RE and EGS, but x-rotation could not be measured using RE. Due to the implant being symmetrical around the x-axis, all x-rotations were measured as zero rotation using RE. Apart from this, the Bland-Altman plots show a high level of agreement between the two methods (Fig. 4) . The accuracy for y-translation (subsidence in the hip-position) was À0.01 mm (LOA: À0.04, 0.02) for RE, and 0.01 mm (LOA: À0.02, 0.05) for EGS. The in-plane z-rotation (adduction), had an accuracy of À0.01˚(LOA: À0.12, 0.10) for RE, and À0.06˚(LOA: À0.14, 0.02) using EGS (Table 1) .
Precision analyses were performed using a separate phantom, and the images were obtained with the phantom in the shoulder-position. The precision for x-translation (subsidence in the shoulder-position) was 0.07 mm for RE, and 0.17 mm for EGS. The phantom precision for z-rotation (adduction) was 1˚using RE, and 0.14˚using EGS (Table 2 ). In the shoulderposition, the glenoid component is symmetrical around RSA ON REVERSE SHOULDER ARTHROPLASTY the y-axis, and precision analysis of y-rotation was not applicable (N/A) using RE. Precision in patients (Table 3) for translations was high, with RE and EGS showing comparable results for x-and y-translations; RE measuring somewhat better in z-translation (RE: 0.25 mm, EGS: 0.34 mm). The precision for x-translation, which is equivalent to subsidence in the shoulder-position (Fig. 1C and D) , was 0.22 mm for RE, and 0.19 mm for EGS.
Patient precision was conducted with the patient in the shoulder-position, with the symmetrical axis of the implant around the y-axis; therefore y-rotations were not applicable (N/A) using RE. For x-rotations we measured significantly better precision using RE compared with EGS. The precision for z-rotation, corresponding to adduction in the shoulder-position, was 0.69˚for RE, and 0.86˚using EGS.
In the clinical setting, we found that implant visibility was superior when positioning the patient in the shoulder-position (Fig. 1D) , compared with the hip-position (Fig. 1B) . This left a majority of the double examinations taken in the hip-position invalid for analysis, and therefore the hip-position was discarded.
We also found that phantom precision (Table 2 ) was, overall, not significantly better than patient precision (Table 3) .
DISCUSSION
RTSA is widely used, with increasing indications and in broader patient groups. Although notching has caused considerable concern for the stability of the glenoid component, no stability analysis using RSA has been published. Our aim was to validate modelbased RSA on the glenoid component, measuring the accuracy and precision of the method, before doing migration analysis in patients. We found that the shoulder-position was better than the hip-position for visualization of the implant. RE was more reliable than EGS, but RE could not measure rotation around the symmetrical axis of the implant. The clinical precision using RE was better than 0.25 mm for translations along all three axes, and better than 0.7˚for the x-and z-axes. We acknowledge limitations in our study. First, we did not include CAD models in our study of ModelBased RSA, as the manufacturer did not permit this. In a validation study comparing CAD models to RE in model-based RSA, Kaptein et al. showed that RE models were better or equally good to CAD models. 9 Second, we did not evaluate marker positioning and the number of matched markers (MM) needed to achieve adequate condition numbers (CN). Therefore, we have not properly established a correlation between marker visualization, CN, and precision results. However, higher precision measurements in patients (MM ¼ 6.5, CN ¼ 55) than in the phantom (MM ¼ 3.3, CN ¼ 70), suggest that such a correlation exists. Third, accuracy measurements were only done in the hipposition, and not in the shoulder-position. The advantage of the shoulder-position only became apparent later in the study, when performing precision analysis in patients, where implant and marker visualization in the hip-position proved difficult. As the phantom accuracy measurements in the hip-position were satisfactory, in the sense that the implant and markers were adequately visualized, we decided not to reevaluate this examination in the shoulder-position. However, we performed phantom precision in the shoulder-position, to compare this with clinical precision. Fourth, the translational gage had a declared resolution of 0.01 mm, slightly lower than the best accuracy measured at 0.007 mm. The resolution of the micrometer should have been better, and this represents a systematic bias. Fifth, our study is implant specific, and is not directly applicable to other designs. It only validates model-based RSA on the glenoid component of the Delta Xtend TM RTSA. However, our findings concerning patient positioning and implant visualization are generally applicable to other RSA studies on shoulder implants. It is also likely that glenoid implants of similar geometrical shape, will have similar, if not equivalent, validation results.
To our knowledge, there are no other phantom studies on the glenoid component of RTSA, and therefore no equivalent studies to compare with. This is also supported by a recent review paper by Brinke et al., 14 where only one phantom study of the shoulder was reported. This study compared marker-free RSA to marker-based RSA on a resurfacing implant of the humeral head. 15 The accuracy reported for markerfree RSA was better than 0.5 mm (0.47, 0.39, and 0.22 mm) for all translations, and better than 1.6( 1.56˚, 1.10˚, and 0.92˚) for all rotations. Due to differences in methodology, these results are not readily comparable to our results, but the study is interesting, since the shape of the resurfacing implant is similar to the glenoid implant in our study.
When we compared our phantom accuracy to model-based phantom accuracy for hips and knees, [9] [10] [11] we found that translational accuracy was similar, while rotational accuracy was somewhat worse in our study. Marker-based accuracy in hips, knees, and pelvis also have better accuracy for rotation. 9, 16, 17 The small size and hemispherical shape of the glenoid implant are probable causes for this somewhat lower accuracy for rotations.
Phantom precision for all translations were better than 0.5 mm for RE, and 0.2 mm with EGS. For rotations, the precision was within 1˚with RE, and 1.3˚with EGS (Table 2 ). When using uniplanar calibration cages, in-plane translations (x-and y-axes) and rotations (z-axis) normally have a higher precision than out-of-plane translation (z-axis) and rotations (x-and y-axes). In our study, EGS rotations and RE translations adhere to this expected pattern, while EGS translations and RE rotations do not. Deviation from the expected pattern of in-and out-of-plane precision results, were also found by Kaptein et al. in a model-based RSA study of knee arthroplasty. 10 This study presented precision as SD, which ranged from 0.03 to 0.21 mm for translations, and 0.04˚to 1.76˚for rotations. Similar results were shown in a phantom hip RSA study by Prins et al., where SD for translations ranged from 0.02 to 0.49 mm, and 0.04 to 2.22f or rotations. 18 In a validation study of model based RSA on knee implants, Valstar et al. reported SD ranging from 0.08 to 0.22 mm for translations, and 0.15 to 0.52˚for rotations. 19 In our study SD ranged from 0.05 to 0.09 mm for translations using EGS, and from 0.04 to 0.24 mm using RE. For rotations SD ranged from 0.07 to 0.67 using EGS, and from 0.09 to 0.50 using RE. Our phantom study shows that modelbased RSA precision in the glenoid component is comparable to phantom model-based RSA in other orthopedic implants.
Clinical precision is the benchmark validation of the method as it defines a limit value that indicates that an actual movement has occurred between two examinations in a patient.
We found that clinical precision for translations ranged from 0.13 to 0.25 mm in RE and 0.18 to 0.34 mm in EGS. The precision for rotations ranged from 0.82 to 1.79˚for EGS, and 0.36 to 0.69˚in RE ( Table 3 ). The results show that generally RE has better precision than EGS, but y-rotation measurements are not possible in the shoulder-position using RE, because of the symmetrical shape of the implant. Arguably the expected modes of failure in this implant are adduction (z-rotation) and subsidence (x-translation). Y-rotation measurements may be of lesser interest.
Approximately 1/5 of double examinations that were valid using RE, were not valid using EGS and were omitted from the precision analysis. As the same images were used in both RSA modalities, the problem appears related to marking of the implant in EGS module, rather than with the RSA bone markers. In EGS the implant was marked along the circumference of the hemispherical part of the implant, and at the tips of the two angular stable screws. Identical marking of the screw tips proved challenging, and one may RSA ON REVERSE SHOULDER ARTHROPLASTY also argue that the screws could be unstable over time, and therefore be unreliable as marker positions for a rigid body. When performing RSA analysis on the glenoid component of RTSA, the RE modality proved to be more reliable than EGS and the clinical precision was generally better. Therefore, we recommend that RE should be the preferred RSA method on this implant.
There are no other studies that report clinical precision on the glenoid component of RTSA. However, we have found some studies that report clinical precision on the glenoid component of anatomic total shoulder arthroplasty. [20] [21] [22] [23] [24] Besides being biomechanically different from reverse implants, the anatomical implants are made of polyethylene and have cement fixation, which allows for implantation of RSA markers in the implant. All these studies report the precision of marker-based RSA. In two different studies Rahme et al. present almost identical clinical precision evaluated at four months in both trials. 21, 22 In the latter study, minimal clinical detectable difference was better than 0.19 mm for all translations, and better than 1.29f or all rotations. In another migratory study comparing pegged and keeled components, Nuttall et al. reported the largest critical values were in the y-axis: 0.13 mm for translations and 1.2 degrees for rotations. 23 When comparing these trials to the current study, the clinical precisions for translations are immediately comparable, while we found better precision for rotations. Clinical precision of model-based RSA on the glenoid component of RTSA in our study was comparable to similar studies in hips 10, 25, 26 and knees. 27 Positioning the patient in the shoulder-position (Fig. 1C and D) proved to be reliable for obtaining RSA film pairs with excellent visualization of implant and markers (Fig. 3A and B) . In contrast, positioning patients in the hip-position (Fig. 1A and B ) was more unpredictable, and an unacceptably high number of examinations were discarded due to poor implant and marker visualization (Fig. 3C) . We therefore recommend using the shoulder-position, with a sagittal X-ray plane, when doing shoulder RSA.
Phantom precision was not significantly higher than patient precision. The reason for this unexpected result is most likely poor marker visualization in the phantom examinations, only visualizing an average of 3.3 matched markers (Table 2 ), compared with 6.5 matched markers in the patient images (Table 3) . While the patients were positioned in the supine shoulder-position, approximately 20-30 degrees tilted toward the implant, for optimal projection of the implant and markers, the phantom was placed flat on the examination table. Because of the lower marker visibility in the phantom study there was also a higher CN in the phantom study (CN 69) compared with the patient study (CN 55) . This may be the reason for the phantom precision being somewhat lower than expected. This indicates that the ideal number of visible markers should be between 4 and 6.
CONCLUSIONS
Our results show that model-based RSA of the glenoid component of reversed total shoulder arthroplasty has a high precision and accuracy, comparable to RSA results on hips and knees. Model-based RSA on the glenoid component is a suitable method for stability analysis of the implant in patients, but patient positioning is crucial for obtaining optimal visualization of the implant and adequate RSA results. Both modalities of model-based RSA (EGS and RE) perform well, but reversed engineering proved more reliable in the clinical setting, and had higher precision. Therefore, we recommend that RE model-based RSA be used for further clinical trials on the glenoid component of reversed total shoulder arthroplasty.
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